Introduction
Xylem tissue is a major component of the vascular system of plants with a critical role in the transport of water, minerals and nutrients [1] . It is composed of tracheary elements, parenchyma cells, and fibers. During their differentiation, tracheary elements lose their nuclei and cellular content. A lignified secondary wall is formed. At the end of the process, cell death occurs, leaving a hollow tube which becomes a part of a vessel [2] . Xylem sap was shown to contain small molecular weight inorganic compounds and organic substances including hormones, amino acids, sugars, oligo-and polysaccharides, and proteins (for a review, see [3] ). The question of the origin of xylem sap proteins was discussed and it was assumed that they could be breakdown products occurring during xylem formation or produced by parenchyma cells adjacent to xylem tissue [3, 4] . Until now, only a few xylem sap proteins were shown to be synthesized in roots [5, 6] . The current hypothesis is that proteins are secreted and/or synthesized by the stele cells and transported to the xylem vessels by the flow of water controlled by both transpiration in the leaves and pressure in the roots [3] . Then, the xylem sap is more and more considered as part of the apoplast [3] .
Information on protein content of xylem sap is available for several plants such as Brassica napus [4, 7, 8] , B. oleracea [7] , Cucumis sativus [6, 7, 9] , Cucurbita maxima [7] , Glycine max [10, 11] , Malus domestica [12] , a poplar hybrid (Populus trichocarpa x P. deltoides) [13] , Prunus persica [12] , Pyrus communis [12] , Solanum lycopersicum [14] [15] [16] and Zea mays [17] . Some of these studies were focused on some proteins, whereas others described xylem sap proteomes. However, because of the lack of genomic or EST sequences for all the plants studied, the identification of proteins by mass spectrometry (MS) and bioinformatics was mainly done using heterologous sequences. Several protein families were found such as glycosyl hydrolases (GHs) including xyloglucan endotransglucosylases-hydrolases (XTHs), peroxidases, proteases, lectins, pathogenesis-related proteins (PR-proteins), and cell wall structural proteins such as glycine-rich proteins (GRPs). It was also shown that the xylem sap proteome may change during plant-microbe interactions. Proteins homologous to basic glucanases (GH family 17, GH17) and PR4 were found in xylem sap of B. napus in response to infection by Verticillum longisporum and were assumed to contribute to defense [8] .
Proteins homologous to cationic peroxidases and serine proteases were found to be induced in the soybean xylem sap in response to Phytophtora sojae elicitor and were related to programmed cell death [11] . After inoculation by the Bradyrhizobium japonicum symbiont, a XTH slightly accumulated in soybean xylem sap, but no function could be assigned to this protein [11] . On the contrary, a major Cys-rich protein of the healthy tomato xylem sap was shown to disappear after infection by Fusarium oxysporum [14] .
A description of the xylem sap proteome of the model plant Arabidopsis thaliana should help us to better characterize this important compartment of the plant and might allow the characterization of determinants limiting vascular pathogen infection or facilitating their growth. However, such an analysis is still missing, probably because efficient xylem sap harvesting in A. thaliana is technically difficult. Such an analysis should complete proteomic studies on this model plant [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . In this study, we took advantage of the close genetic vicinity between A. thaliana and another Brassicaceae, Brassica oleracea to identify proteins of the xylem sap. B. oleracea has two main advantages: (i) the diploid Brassica species are descended from an hexaploid ancestor and the genome of A. thaliana is similar to each of their hypothetical diploid progenitors and (ii) it is one (2n=18, CC genome) of the two ancestors of the B. napus amphidiploid (2n=38, AACC genome) [28] for which a systematic program of EST sequencing has been developed (http://compbio.dfci.harvard.edu/tgi/gi/bngi/GenInfo.html). Two different proteomes of B.
oleracea xylem sap were studied: a xylem sap proteome and the xylem sap N-glycoproteome because N-glycosylation was assumed to be a major post-translational modification (PTM) that occurs in secreted proteins. The identified proteins are homologous to previously described cell wall proteins, except that no structural protein was identified [29] . The origin of xylem sap proteins is discussed using A. thaliana root transcriptomic data available online.
Material and methods

Xylem sap harvesting
Xylem sap harvesting method from the cultivated plant Bartolo cabbage (Brassica oleracea var. capitata) was adapted from [30] . Harvesting was found to be optimal for 6-8 week-old plants. Briefly, stems were cut with a razor blade 2-3 cm above the cotyledons and below the first leaves. Before sampling from the remaining stem on the root side, the cut surface was washed with water to remove the content of cut cells and the phloem sap which exudes after cutting, and gently dried with a paper towel. Aliquots of xylem sap was collected in a tube using a micropipette (Supporting information Fig. 1 ) and stored at -20°C immediately after harvesting. All the xylem sap aliquots were pooled prior to further analysis. Before use, the samples were filtered using 0.45 µm Millipore filters (Carrigtwohill, Ireland), to discard soil particles, microbial cells or tissue remnants. After 8 h-sampling, we obtained from 0.3 to 0.7 mL of xylem sap from one plant. The experiment was performed twice. ConA lectin affinity chromatography is specific for Man residues and allows specific capture of N-glycoproteins [19] . Briefly, the resin was pre-washed with 20X volume of buffer 2 (20 mM Tris-HCl pH 7.4, 1 M NaCl, 3.3 mM MgCl 2 /MnCl 2 /CaCl 2 ) and equilibrated with 10X volume of buffer 1. The dialyzed xylem sap (10 mL) was mixed with the matrix (0.6 mL) in batch for 1 h at 4°C. After flow-through removal, the resin was washed three times with 1.5 mL of buffer 1. Proteins were eluted with 3X 1.5 mL of buffer 1 supplemented with 1 M methyl-α-D-glucopyranose (Sigma). The first and second eluted fractions were combined and, after desalting using Econo-Pac 10 DG columns (Bio-Rad) and lyophilization, employed to get the xylem sap N-glycoproteome.
Preparation of the protein samples for LC-MS/MS analysis
Separation of proteins by SDS-PAGE
The two protein samples (xylem sap proteome and xylem sap N-glycoproteome) were suspended in 300 µL and 100 µL of UHQ water respectively. Fifty µL of each sample were loaded on 10 x 12 x 0.15 cm SDS-polyacrylamide gels with a concentration of 12.50%/ 0.33% of acrylamide/bisacrylamide. Separation was performed as previously described [31] .
The gel staining was carried out with Coomassie Brilliant Blue (CBB) [32] , silver nitrate [32] , or with the β-glucosyl Yariv reagent [33] . The rest of the samples were dried under vacuum prior to LC-MS/MS analysis.
LC-MS/MS analyses
Prior to analysis, proteins were briefly separated by SDS-PAGE to get three samples in order to increase the efficiency of tryptic digestion. In-gel digestion was performed as previously described [34] . Separation of tryptic peptides was performed by HPLC on a NanoLC-Ultra proteins with at least one specific peptide relatively to other members of the group were reported as sub-groups.
Bioinformatics
Two databases were used to analyze the cell wall proteome of B. oleracea: ProtAnnDB (http://www.polebio.scsv.ups-tlse.fr/ProtAnnDB/) for the annotation of A. thaliana proteins [36] ; and WallProtDB which collects A. thaliana cell wall proteomes (http://www.polebio.scsv.ups-tlse.fr/WallProtDB/) [37] .The Brassica proteins were annotated as previously described for A. thaliana proteins [36] . Several available software were used to predict sub-cellular localization and functional domains of proteins: TargetP can refine their selection if necessary and export the result in a tab delimited text, or export the sequences of interest in the FASTA format.
Results
Harvesting of xylem sap and separation of proteins by SDS-PAGE
The xylem was collected during 8 h from cut stems of B. oleracea (Supporting information Tables S1 and S2) .
A staining with silver nitrate showed additional bands of lower molecular masses ( 
Identification by LC-MS/MS of proteins present in the xylem sap proteome and in the xylem sap N-glycoproteome trapped on ConA
Most of the previous studies on xylem sap relied on separation of proteins by 2Delectrophoresis prior to MS analysis. However, 2D-electrophoresis can be limiting in the case of secreted proteins which are mostly basic glycoproteins [41] . In our study, proteins were not separated before digestion and liquid chromatography tandem MS (LC-MS/MS). This technique also allowed working with limiting amount of proteins. B. napus cDNA and EST sequences were used for proteins identification. In all cases, it was possible to identify proteins using Brassica EST or cDNA sequences. This was a great advantage since it allowed precise identification of the genes encoding the proteins especially in multigene families.
Altogether, 189 proteins were identified by LC-MS/MS with at least two peptides sequenced per protein (Table I, Supporting information Tables S1 and S2 ). One hundred and sixty four proteins were identified in the xylem sap proteome, whereas 81 proteins were identified in the xylem sap N-glycoproteome (Supporting information Table S3 ). Fifty six proteins were common to both proteomes. Twenty five proteins were only found in the xylem sap Nglycoproteome. This fraction was probably enriched in these proteins after selection by the ConA affinity chromatography. Identification of proteins in previously published B. napus and B. oleracea xylem sap proteomes were done by comparison to heterologous sequences, mainly from A. thaliana [4, 7, 8] . We performed a new TBLASTN analysis against B. napus
ESTs with the peptide sequences and obtained the identification of 45 different proteins. Then it was possible to compare these results to our data. Twenty out of these 45 proteins were also found in our study (see Table I ). On the contrary, 25 proteins present in one of these proteomes were not found in ours probably because of different culture conditions. 
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General features of proteins identified in the B. oleracea xylem sap
All the Brassica protein sequences were analyzed with bioinformatics software to predict their sub-cellular localization and the presence of functional domains. The same work was done for A. thaliana proteins homologous to Brassica sequences. The proteins could then be classified in (i) intracellular when they were devoid of signal peptide or of any signal targeting them to an intracellular compartment, and (ii) secreted proteins (Table I, Supporting   information Table S3 ). Twenty five proteins (13%) were predicted to be intracellular whereas 164 proteins (87%) were predicted to be secreted. The latter proteins could be distributed in eight of the nine functional classes previously defined for A. thaliana cell wall proteins [29] : (17), the others being proteins homologous to plastocyanins (11) , multicopper oxidases (6) , and berberine bridge enzymes (5) . Proteases were mainly predicted as Ser proteases (12) and Asp proteases (11) . Most of the proteins included in the lipid metabolism functional class were lipid transfer proteins (LTPs). Finally, all the proteins included in the signaling functional class were fasciclin AGPs (FLAs).
Finding such proteins was expected because of the positive Yariv staining observed after analysis of xylem sap proteins by SDS-PAGE ( Fig. 1) .
All the proteins of the xylem sap proteome were also analyzed for the presence of putative Nglycosylation sites. Proteins homologous to LTPs, ribonuclease T2, and osmotin had no predicted N-glycosylation sites and were only found in the xylem sap proteome. All the other proteins had predicted N-glycosylation sites. However, 70 proteins predicted to be secreted and having N-glycosylation sites were only found in the xylem sap proteome. One cannot exclude the possibility that they were poorly or not N-glycosylated consistent with the fact that they were lost during the affinity chromatography step. Interestingly, although 17 out of 25 proteins predicted to be intracellular had predicted N-glycosylation sites, none was retained on the ConA affinity column. It suggested that the N-glycosylation sites of these proteins were not occupied.
LC-MS/MS data allow getting some information on the abundance of proteins relying on spectral counting. The rationale is that the number of spectra collected for a protein in a MS/MS run is correlated to the abundance of the protein (Supporting information Tables S4). Among the proteins predicted to be intracellular, two proteins homologous to methionine synthase (proteins 9-1, 9-2) were identified with 35 and 24 spectra respectively, a protein homologous to jacalin (protein 31) with 11 spectra, and a protein homologous to peptidase M1 (protein 34) with 10 spectra. Ten out of the remaining 18 proteins predicted to be intracellular were identified with only 2 spectra which meant that they were probably present at a low level. In two independent experiments, the most abundant proteins predicted to be secreted were the following: two Ser proteases (proteins 1-1 and 12 identified with 74 and 25 spectra respectively in the reported experiment); an Asp protease (protein 18-1; 20 spectra); two α-arabinofuranosidases (proteins 2-1 and 7-1; 43 and 29 spectra respectively); a protein homologous to peroxidase AtPrx59 (protein 11-1; 23 spectra); three berberine-bridge oxidoreductases (proteins 5, 15-1 and 15-2; 36, 23 and 20 spectra respectively); a protein homologous to AtFLA1 (protein 16-1; 20 spectra); a protein homologous to purple acid phosphatase AtPAP26 (protein 10; 24 spectra); a protein of yet unknown function with a DUF26 domain (protein 4; 32 spectra). Altogether, these results show that the proteins predicted to be intracellular are mostly minor components of the xylem sap proteome.
Extension and screening of WallProtDB with the B. oleracea xylem sap proteome
As mentioned above, WallProtDB was built up to collect plant cell wall proteomic data [37] .
It was initially devoted to A. thaliana and O. sativa because (i) their genomes are fully sequenced thus allowing the precise identification of proteins by MS and bioinformatics, and (ii) many proteomic studies were published on different organs. WallProtDB displays information about experimental conditions, and cell wall proteomes previously analyzed.
Each protein accession number in WallProtDB has been linked to the ProtAnnDB database including bioinformatics predictions about subcellular localization, functional domains, and gene networking [36] . Literature dealing with plant cell wall proteomics has been included.
Two novelties were introduced to describe the B. oleracea xylem sap proteome and to allow comparisons with the A. thaliana cell wall proteomes characterized in different organs (Supporting information Fig. 2) . First, considering the closeness of both genomes, each B.
oleracea EST is linked to the closest A. thaliana gene as determined by BLASTX analysis. In many cases, two or more B. oleracea proteins corresponded to a single A. thaliana gene were found thanks to the presence of proteotypic peptides. This is consistent with the evolution of the Brassica genomes [42] . Second, LC-MS/MS peptide sequencing data allowing identification of B. oleracea proteins encoded by ESTs are provided using the X! Tandem software. The position of sequenced peptides on the translated EST or cDNA sequence can be visualized as well as MS/MS spectra and data (Supporting information Fig. 3 ). All this information provides a comprehensive view of the identification process using MS data.
A search was performed in WallProtDB, a cell wall proteomic database, to look for the A.
thaliana proteins homologous to the B. oleracea xylem sap proteins. Eighty six proteins were already identified in at least one cell wall proteome. For example, 30 proteins were found in the leaf apoplastic proteome [18] , 23 in the stem cell wall N-glycoproteome [19] , 28 and 27 in the 5-and 11-day-old etiolated cell wall proteomes respectively [20] . Seventy eight proteins were new proteins never found in previously characterized cell wall proteomes. accordingly [29] . The distribution of the xylem sap proteins (xylem sap proteome, black bars) in these functional classes was compared to that of proteins previously identified in A. thaliana cell wall proteomes: roots (white bars) [43] , rosette leaves (punctuated bars) [18] , and stems (grey bars) [19] . Only proteins predicted to be secreted are considered in all cases, i.e. proteins having a predicted signal peptide and no known targeting signal in any cell compartment.
Using WallProtDB, the whole xylem sap proteome was compared to A. thaliana cell wall proteomes of roots [43] , rosette leaves [18] , and stems [19] . In all cases only proteins predicted to be secreted were considered. Fig. 2 highlights several differences. There were two times more oxido-reductases in the xylem sap proteome compared to the other cell wall proteomes. The proportion of proteases was higher in the xylem sap and the stem proteomes than in the rosette leaves and root proteomes. On the contrary, there were fewer proteins with interacting domains in the xylem sap than in the other proteomes, with only two proteins homologous to lectins, two to protease inhibitors, one to xylanase inhibitors, and one to pectin methylesterase inhibitors. Structural proteins were missing as in the rosette leaves and stem proteomes.
Expression of A. thaliana genes homologous to genes encoding proteins identified in the xylem sap of B. oleracea in roots
The presence of proteins in the xylem sap raises the question of the origin of these proteins.
To better understand it, we looked at the pattern of expression of A. thaliana genes homologous to B. oleracea genes encoding xylem sap proteins in the AREX database which collects A. thaliana genes patterns of expression based on transcriptomics data [38] . The root is characterized by different developmental zones and tissues. We focused our attention on the root tip where xylem vessels are formed and where root absorption occurs. From outside to inside, there are different cell layers, namely epidermis, cortical cells, endodermis, pericycle and the stele comprising the xylem and the phloem vessels. Expression data could be found for 90% of the A. thaliana genes corresponding to proteins identified in the xylem sap and all those genes were found to be transcribed even at low level in root tips. Most relevant patterns were the following (Supporting information Fig. 4 ): expression in all root tissues except in stele parenchyma cells (pattern 1: 17% of the genes including one third of the genes encoding proteins predicted to be intracellular); expression mostly in epidermis including or not root hairs, or cortical cells (pattern 2: 10%); expression mostly in cortical cells, and eventually in endodermis, pericycle or stele (pattern 3: 16%); expression in stele parenchyma stele including or not vessels (pattern 4: 37%); expression mostly in phloem cells (pattern 5: 8%); expression mostly in xylem cells (pattern 6: 12%). Very few genes had transcripts neither in the stele, the pericycle or the endodermis.
Discussion
Previous studies showed the presence of proteins in the xylem sap of different species [4, 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, with the exception of the xylem sap proteome of an hybrid poplar [13] , identification of proteins was done against heterologous sequences because of the lack of genomic or EST sequences for all the plants studied. The most complete xylem sap proteomes are those of B. napus [5] , an hybrid poplar [13] and Z. mays [17] with 69, 97, and 154 proteins The high proportion of secreted N-glycosylated proteins was expected because they pass through the endoplasmic reticulum where N-glycosylation occurs [44] . As expected, the thirteen proteins predicted to be secreted and devoid of N-glycosylation sites were only found in the xylem sap proteome. For the remaining 70 proteins not retained on ConA, it is assumed that their N-glycans were removed in the xylem sap. Indeed all the GH families possibly involved in N-glycan degradation were found, namely β-D-xylosidases (GH3), N-acetylhexosaminidases (GH19), β-D-galactosidases (GH35), and α-D-mannosidases (GH38) [45] .
Besides, ConA affinity chromatography was assumed to enrich the protein mixture in glycoproteins present in low amount, thus allowing to increase the coverage of the xylem sap proteome.
The proportion of proteins predicted to be intracellular (13%) is rather low in this study. All except three of the proteins predicted to be intracellular have predicted N-glycosylation sites.
However, none of them was retained on the ConA column, suggesting that their Nglycosylation sites are not occupied. All these proteins are present at a low level apart from a protein homologous to methionine synthase. Sixty six percent of the proteins identified in hybrid poplar xylem proteome are devoid of predicted signal peptide [13] . The current hypothesis to explain the presence of intracellular proteins in xylem sap is that such proteins originate from differentiating xylem cells, and that they are released in xylem sap after cell death [13] . In the case of perennial plants such as poplar, secondary wall formation and xylem growth are more intensive than in annual plants. This would explain why there are more types of intracellular proteins in the poplar xylem sap. On the contrary, the Z. mays xylem proteome only contained proteins predicted to be secreted [17] .
A major difficulty encountered in xylem sap proteome analysis relies in the harvesting step.
The plants have to be decapitated and the harvesting can last for several hours. With regard to the harvesting duration, a detailed study performed in G. max showed that the 1Delectrophoresis pattern of xylem sap proteins was constant over a 28 h-period of harvesting [10] . It suggests that major xylem sap proteins are stable xylem sap constituents and are continuously produced. With regard to the stress, it is probable that not only the cells located at the stem cut surface, but also the underground part of the plants, undergo a stress which causes changes in xylem sap composition. Many protein families identified in xylem sap proteomes could be induced by this stress, e.g. oxido-reductases, pathogenesis-related (PR)proteins, proteases and ribonucleases ( [7, 12, 13, 17] , this study). However, there is no way to avoid this stress and all the xylem sap proteomes are obtained in similar conditions, thus allowing comparison of results.
Xylem sap proteomes appear to be very different from phloem sap proteomes. The phloem is the part of the vascular system which delivers sugars and amino acids to plant organs and carries informational molecules such as proteins, mRNAs and hormones (for a review, see [46] . Phloem protein 2 (PP2) was described as a major protein of phloem sap having RNAbinding properties or lectin activity [47] . Other proteins were identified with putative roles in defense reactions, gibberellin biosynthesis and transport [48] . The most complete phloem proteomic study identified more than 1000 proteins such as RNA-binding proteins (82 proteins) and proteins involved in protein synthesis (100 proteins) and turnover (116 proteins) [49] . Other proteins could play roles in vesicle trafficking, membrane dynamics, stress response, and redox regulation. Only one of the 45 most abundant proteins, a peroxidase homologous to At5g07630, was predicted to be secreted. Altogether, the xylem and phloem sap proteomes thus appear to be very different, as expected from their different physiological roles.
All the proteomic data were included in WallProtDB, a database dedicated to cell wall Indeed, the fact that xylem sap is considered as part of the apoplast and the closeness of the two species allowed this comparison. Three features distinguish the B. oleracea proteome from previously characterized cell wall proteomes [29] : there are more oxido-reductases, more proteases, and less enzyme inhibitors. As discussed above, because of the technical constrains to collect xylem sap, we cannot exclude that some of the proteins related to stress response may change during the harvesting period. Among oxido-reductases, peroxidases represent one tenth of the predicted secreted proteins identified. Peroxidases were previously described as important proteins in xylem sap proteomes. They were associated either to lignin biosynthesis in xylem vessels undergoing differentiation or to plant defense [4, 7, 12, 13] .
Proteins homologous to multicopper oxidases were also found to be numerous in A. thaliana stems at late flowering stage when lignification occurs [19] . SKU5 (SKEWED 5) was shown to be involved in root growth and SKS6 (SKU5-SIMILAR 6) to contribute to cotyledon vascular patterning [50, 51] . Blue copper binding proteins were abundant in A. thaliana cell suspension cultures. Although their exact role in cell walls is not known, they have been associated to redox processes as electron transfer proteins with small molecular weight compounds [52] . A great proportion of proteases is the second feature of the B. oleracea xylem sap proteome. It is the first time that so many proteases are identified. Different specificities could be predicted such as Ser proteases (subtilases), Ser carboxypeptidases, Cys proteases, and Asp proteases. Proteases are assumed to play roles in maturation of enzymes, signaling, protein turnover, and defense against pathogens [53] . It was previously shown that maturation of enzymes occur in the cell wall [54] . Over-expression of CDR1
(CONSTITUTIVE DISEASE RESISTANT 1) encoding an A. thaliana Asp protease causes dwarfism and resistance to virulent Pseudomonas syringae [55] . Finally, in all previously characterized plant extracellular proteomes, enzymes and the corresponding inhibitors are present, probably allowing fine regulation of enzymatic activities [20] . In the B. oleracea xylem sap, there are only a few enzyme inhibitors (two protease inhibitors, a pectin methyl esterase inhibitor, and a xylanase inhibitor). It suggests that the enzymes are fully active.
Some of them may play roles in defense reactions against pathogens invading the xylem vessels.
Three additional protein functional classes deserve comments. The main one comprises proteins acting on carbohydrates. Forty two proteins having GH domains were identified.
Several of them could play roles in hydrolysis of PTMs of N-glycoproteins as discussed above. Others are assumed to contribute to defense reactions, such as β-1,3-glucanases (GH17, 6 proteins) and chitinases/lyzozymes (GH18-19, 5 proteins) [45] . More puzzling are the roles of polygalacturonases and α-L-arabinofuranosidases/β-D-xylosidases.
Polygalacturonases (GH28, 7 proteins) are assumed to play roles in the organization of pectins and in their modification in response to pathogen attack [45] . However, the contribution of pectins to secondary walls is very low. α-L-arabinofuranosidases/β-Dxylosidases (GH51, 4 proteins) are major proteins in xylem sap as estimated from MS data.
Such proteins were also identified in the poplar xylem sap [13] . Their preferred substrates in cell wall are assumed to be arabinoxylan, and arabinan as inferred from in vitro tests [56] . The second functional class to be mentioned is that of proteins possibly involved in signaling. It is the first time the importance of FLAs in xylem sap can be stressed. Indeed, seven proteins homologous to A. thaliana FLAs (AtFLA1, 2, 7-10) were identified. Their roles in cell walls
are not yet understood, but they were found to accumulate at the inner side of the G-layer of the xylem of poplar tension wood. They were assumed to have a specific function in the building of this cell wall layer [57] . Finally no structural protein could be identified in the B.
oleracea xylem sap although a glycine-rich protein (GRP) was previously found in the B.
napus xylem sap proteome [4] . Such proteins were shown to be present in cucumber xylem sap and to accumulate in the walls of cucumber root metaxylem cells [6] . A bean GRP was shown to be synthesized by living protoxylem cells and xylem parenchyma cells, and to be transported from xylem parenchyma cells to the protoxylem wall after cell death [58] .
Several authors have already discussed the origin of xylem sap proteins [3, 10, 12] . In the root, the endodermis constitutes a barrier preventing the movement of organic substances and even water from the epidermis and cortical cells to the stele through the apoplast. It is assumed that proteins present in the xylem sap are synthesized in the stele cells. They would then be delivered apoplastically to the xylem sap thus considered as part of the apoplast. In this study, we looked at the pattern of expression of the A. thaliana genes homologous to the B. oleracea xylem sap proteins using the AREX database. All the genes were found to be expressed in the root tip, and only a few of them were expressed neither in the stele, the pericycle, or the endodermis. It suggests that the proteins were synthesized in the root tip, and then loaded into the xylem sap. These data are consistent with previous experimental data. A cucumber GRP was shown to be synthesized in the vascular tissues of the root and assumed to be transported over long distance via the xylem sap to vessels and sclerenchyma of aboveground organs [6] . Xylem sap proteins as diverse as a cucumber lectin [5] , a cucumber peroxidase [12] , and a tomato Cys-rich protein with structural similarity to LTPs [14] were found in roots and the genes encoding the lectin and the Cys-rich protein were shown to be transcribed in roots. Altogether, these data strengthen the hypothesis of the production of xylem sap proteins in the root stele, and their further loading into the xylem sap. The water flow would then ensure their long distance transport to aboveground organs. The composition of the xylem sap proteome suggests roles in xylem differentiation and in plant defense.
However, additional investigations are required to better understand the function of xylem sap proteins.
